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Recent studies on mating and copulation in pulmonates have provided a better understanding 
of a functional relationship between various aspects of their biology and have greatly advanced 
our knowledge of their reproductive behaviour. Here we describe the mating behaviour, copu- 
latory mechanics and genital anatomy of Hippeutis complanatus (Linnaeus, 1758), a Palaearc- 
tic freshwater pulmonates, and compare these results with those from Segmentina oelandica 
(Westerlund, 1885). In H. complanatus, the individual that initiates mating mounts the shell 
of the partner and crawls over its basal side to position itself at the shell aperture for intromis- 
sion. The copulatory connection is achieved by the preputium and its musculo-glandular ap- 
pendage (preputial organ) that attaches to the shell of the partner. Hippeutis complanatus and 
S. oelandica share a number of common traits in genital morphology and mating behaviour, 
most notably the unilateral copulation and the use of the preputial organ as a holdfast. These 
species also show some significant differences: the opposite orientation of the partners, chemi- 
cal stimulation in S. oelandica and a significantly longer mating duration in H. complanatus. 
Overall, the mating behaviour of the two species shows a combination of shared and divergent 
traits that have potential of being useful as taxonomically informative characters. 


VUccneqosaHua TOCJIEAHHX JIET NO CHApHBAHHIO H KONYJIAIHH y JeTOUHBIX MOJIJIOCKOB I103B0- 
JAIU Jue MOHATb ÞPYHKIMOHAJIbHYIO B3AMMOCBA3b MEXKLy pa3JIHYHbIMH aCNeKTAMH 6HO- 
JIOTHM ƏTHX MOJIJIIOCKOB H CYIECTBeHHO paCIMpHJIN TpeACTABJICEHHA 06 HX perlpoxyKTHBHOM 
noBegennn. B Hacroaneñ craTbe ONMCaHbI CHApHBAHHE, MEXAHN3M KONYyJIANHH H aHAaTOMUA 
KOIIYJIATHBHBIX OpraHoB y Hippeutis complanatus (Linnaeus, 1758), najreapkruueckoro BHIA 
IpeCHOBOMHBIX HYyJIbMOHAT, H MpOBEACHO CpaBHeHHe C AHAJIOTHYHbIMH aHHbIMM, MOJYYEH- 
HbIMU gia Segmentina oelandica (Westerlund, 1885). Y H. complanatus nnuimupyomas 
cllapuBanue oco6p sabupaetca Ha paKOBMHY WapTHepa H IMOJI3ËT MO ee 6azaJIbHOÑ CTOpOHeE K 
YCTÞIO, [le 3AHMMAECT IMOJIOKEHHE, UCHOb3yeMoe MPH KONYJIANHH. CBA3b MeXy WapTHepaMu 
JOCTHTAeETCA MPH MOMOM MpenyiMyMa H eTO MbINeNHO-XKEJe3HCTOTO MpHAATKA (mpenyuu- 
aJIbHOTO OpraHa), KOTOpbIii 3akpenjiaeTca Ha paKOBMHe maprHepa. Hippeutis complanatus u 
S. oelandica o6nanaioT pAOM O6UIMX MpH3HAKOB B MOpOJIOTHH KONYJIATHBHÞIX OpraHoB H 
TIOJIOBOM TIOBEJCEHHH, HAHÓOJICe BaXKHbIMM H3 KOTOPHIX ABJIAIOTCA OMHOCTOPOHHAA KONYJIANHA 
H MCIOb3OBaHMe MpenyHaJIbHOTO OpTaHa B KaYecTBe OpraHa Ipukpensmenus. [Ipomeccsr crna- 
PHBAHHA y ƏTHX ABYX BUOB HMEIOT TAKKE HECKOJIBKO CYIECTBEHHDIX pasJIHYHÑ: IPOTHBOTIO- 
JIOKHAA OpHEHTANHA NApPTHEpOB Ip KONYJIANHH, XAMHYECKAA CTHMYJIANMA y S. oelandica u 
3HAYHTEJIÞHO 6OJICeE MpOAOIMKUTebHOe ClapuBaHue y H. complanatus. B nenom, cnapuBanne 
y H. complanatus u S. oelandica xapaktTepn3yeTca Kak HaJIHYHeM Kak OOUIMX YepT, TAK H OTJIH- 
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UNTeJIDHbIX oco6enHocteit, KOTOpBbIe MOTyT ObITb MCHOJIb30BaHBI B KAYECTBE TAKCOHOMHYECKH 


3HaYHMÞIX IIPH3HAaKOB. 
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Kmouespie copa: cnapHBaHHe, MOJIOBOe MOBECHNeE, MEXaAHM3M KONYJIANMM, Mopdomorua 
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INTRODUCTION 


A growing number of studies published 
recently on mating behaviour and copulato- 
ry mechanics of Pulmonata (Boyle & Yoshi- 
no, 2000; Vianey-Liaud & Dussart, 2002; 
Ohbayashi-Hodoki et al., 2004; Koene & 
Ter Maat, 2005; Facon et al., 2008; Norton 
et al., 2008; Jordaens et al., 2009; Soldaten- 
ko & Petrov, 2009, 2012, 2013; Wethington 
et al., 2012) shows a resurgence of interest 
in various aspects of the mating process in 
this group of gastropods. Major attention 
in these studies was focused on stereotypic 
behavioural patterns, interactions between 
mating partners and their copulatory struc- 
tures and within-group variation of mating 
behaviour. This approach has established a 
functional relationship between a variety of 
morphological, physiological, behavioural 
and ecological characteristics of pulmo- 
nates and helped in the assessment of cor- 
relation between different morphological 
characters. It has also provided evidence 
that differences in mating behaviour may 
have some utility as phylogenetic markers. 

The present study uses this approach to 
investigate the mating behavior and copu- 
latory mechanics in Hippeutis complanatus 
(Linnaeus, 1758), a Palaearctic freshwater 
pulmonates (Hygrophila) from the fam- 
ily Segmentinidae Baker, 1945 (= Segmen- 
tininae Baker, 1945; = Segmentinini Baker, 
1945). The resulting data are compared 
with those from Segmentina oelandica 
(Westerlund, 1885), because the genus 
Hippeutis Charpentier, 1837 is closely re- 
lated to Segmentina Fleming, 1818 (Baker, 
1945; Hubendick, 1955; Starobogatov et al., 
2004; Bouchet et al., 2005; Albrecht et al., 


2007; Kijashko et al., 2016) and the mating 
behaviour of S. oelandica has been studied 
previously (Soldatenko & Petrov, 2009, 
2012). The mating process of S. oelandica 
is characterised by a distinct set of behav- 
ioural patterns: during precopulation, the 
active individual seeks and mounts a larger 
individual (passive partner) stimulating it 
with tentacular secretion; active individu- 
als are often very persistent in their mating 
attempts; the copulation is always unilat- 
eral; it is very brief and assisted by a special- 
ised musculo-glandular organ (preputial 
organ) that aids in positioning the part- 
ners during intromission. This behaviour 
is markedly different from that described 
previously in 15 other genera of Hygrophila 
(Nekrassow, 1928; Precht, 1936; Bondesen, 
1950; Abdel-Malek, 1952; Frömming, 1956; 
Pace, 1971; Kruglov & Berezkina, 1978; 
Rudolph, 1979a, 1979b, 1983; Berezkina & 
Starobogatov, 1988; Trigwell et al., 1997; 
Boyle & Yoshino, 2000; Vianey-Liaud & 
Dussart, 2002; Ohbayashi-Hodoki et al., 
2004; Koene & Ter Maat, 2005; Facon et 
al., 2008; Norton et al., 2008; Wethington et 
al., 2012; Soldatenko & Petrov, 2009, 2012, 
2013) and may represent a high degree of 
specialization. The study of mechanical and 
behavioural aspects of mating in H. com- 
planatus and their comparison with those 
of S. oelandica may provide a better under- 
standing of the diversity of these mecha- 
nisms and processes within Hygrophila. 

An additional motivation for studying 
copulation in H. complanatus comes from 
the substantial differences in size of the 
copulatory structures between this species 
and S. oelandica, despite considerable simi- 
larity in shell morphology (shell size and 
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shape, whorl expansion rate, parameters of 
the shell aperture, etc.). The study of how 
morphological differences in copulatory 
structures might be reflected in behavioural 
differences during mating may help inter- 
pret the functional role of these structures. 

The aim of the present study was to ex- 
amine the mating behaviour and copulatory 
mechanics in Hippeutis complanatus (Lin- 
naeus, 1758) and supplement our previ- 
ous observations of mating in S. oelandica 
(Soldatenko & Petrov, 2009, 2012) with a 
description of the copulatory process. A fur- 
ther goal was to compare mating processes 
and assess the similarities and differences in 
reproductive characters between these spe- 
cies. This study also uses phalloidin stain- 
ing and confocal microscopy to examine the 
musculature of some copulatory structures 
in H. complanatus and describes the gross 
morphology of genitalia of both species 
taken from individuals killed during intro- 
mission. We also provide here a description 
of the penial musculature of S. oelandica, 
which adds some important details to those 
presented in our earlier publication (Sol- 
datenko & Petrov, 2009). 

It should be emphasized that the tax- 
onomy of species and families discussed in 
this paper is beyond the scope of the present 
study and that their taxonomic status still 
remains to be resolved: Segmentina oelan- 
dica (according to Kruglov & Soldatenko, 
1997; Starobogatov et al., 2004; Kijashko 
et al., 2016) = S. nitida (Müller, 1774) (ac- 
cording to Gléer, 2002); family Segmenti- 
nidae Baker, 1945 (according to Kijashko 
et al., 2016) = Segmentininae Baker, 1945 
(according to Baker, 1945) = Segmentinini 
Baker, 1945 (according to Zilch 1959-1960; 
Starobogatov, 1967; Hubendick, 1978; Bou- 
chet et al., 2005). 


MATERIAL AND METHODS 


Collection sites 


Sexually mature individuals of Hippeutis 
complanatus (Linnaeus, 1758) and Segmen- 
tina oelandica (Westerlund, 1885) were col- 
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lected by the senior co-author in 2012 and 
2015 from the following localities in Euro- 
pean Russia (Smolensk Prov., Demidovskiy 
Distr., Smolenskoe Poozer’e National Park, 
Przhival’skoe town): 

1) H. complanatus — inundated shore of 
Lake Glubokoe (N 55.3082 E 31.4784, alti- 
tude 160 m), 29 June 2012; 

2) H. complanatus — inundated areas 
around a channel between Lakes Krugloe 
and Dolgoe (N 55.5076 E 31.8072, altitude 
149 m), 25 June 2015; swampy areas on the 
right-hand side of the road to Baklanovo 
vill. (N 55. 5076 E 31.8116, altitude 157 m), 
29 July 2015; 

3) S. oelandica — inundated areas on the 
right-hand side of the road to Baklanovo 
vill. (N 55. 5076 E 31.8116, altitude 157 m), 
29 July 2015. 


Behavioural study 


Sexually mature individuals of H. com- 
planatusand S. oelandicawere placed in Petri 
dishes filled with 1 cm of water in groups of 
10-12 molluscs per dish. Overall, 30 groups 
of H. complanatus (306 individuals in total) 
and six groups of S. oelandica (60 individu- 
als in total) were observed throughout the 
study period. Mating was induced by heat- 
ing the water (Duncan, 1975; Smith, 1981) 
with fluorescent lamps to 25-28 °C. Nine- 
teen passive individuals of H. complanatus 
were mechanically agitated during copula- 
tion, which made them float to the surface 
in copulo and flip over with the basal sides 
of their shells facing upwards, allowing an 
observation of normally concealed behav- 
iours (12 of these pairs continued with mat- 
ing, Fig. 1b—d). Mating pairs of H. compla- 
natus were photographed and time intervals 
were recorded for all phases of their mating 
process. The time for the start of precopu- 
lation was determined with a fair degree of 
accuracy, because H. complanatus shows a 
distinct behavioural transition from grazing 
to pursuit of partner. A total of ten mating 
pairs and nine courtship rejections were ob- 
served in the groups of S. oelandica. These 
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Fig. 1. Copulating individuals of Hippeutis complanatus: a, precopulation, with the shell of the pas- 
sive partner viewed from the upper side. The active partner (bottom) crawls over the shell of the 
passive partner (top) towards the shell aperture; b, precopulation, with the shell of the passive part- 
ner viewed from the basal side. The active partner extends the preputium to attach it to the female 
gonopore. The arrow points to the preputial organ of the active partner; c, enlarged view of b showing 
the preputium and the preputial organ (arrow); d, copulation, the active partner attaches its prepu- 
tial organ (arrow) to the shell of the partner; the preputium is attached to the female gonopore. Scale 


bars: 1.0 mm (a, b, d); 0.5 mm (c). 


results were pooled together with those 
reported for S. oelandica by Soldatenko & 
Petrov (2012). The molluscs of both species 
were kept in laboratory for no longer than 
one month. All time intervals for the mat- 
ing process of both species are summarized 
in Table 1. 


Morphological study 


Throughout the study, ten attempts 
were made to fix mating pairs of each spe- 
cies in boiling water. This technique has 
yielded good results on other planorbid 


species: Anisus vortex (Linnaeus, 1758), 
Planorbarius corneus (Linnaeus, 1758), and 
Planorbella (Seminolina) duryi (Wetherby, 
1879) (Soldatenko & Petrov, 2012, 2013), 
but in H. complanatus and S. oelandica it 
has always resulted in disintegration of the 
mating pair. Twenty individuals of each 
species were fixed in 70% ethanol and then 
dissected; male copulatory apparatuses and 
distal regions of the female reproductive 
system removed from these animals were 
mounted in Canada balsam to study the 
mechanism of sperm transfer. These prepa- 
rations were examined and photographed 
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Table 1. Time intervals (minutes) for courtship rejection in H. complanatus and S. oelandica. 

















Single mating Total 
attempt duration 
Species t°C n n 
mean+SD mean+SD 
(min—max) (min—max) 
; ; 6.51+4.32 19.15+7.44 
Hippeutis complanatus 25-28 10 (2.41-16.35) 11 (8.02-37.00) 
s : 0.53+0.15 8.14+5.54 
Segmentina oelandica 25-28 21+4 (0.26-1.20) 27+5 (2.41-25.00) 





Note: n — number of observed mating encounters. 


on a Leica DMLS-2 microscope equipped 
with a CCD camera. The schematic repre- 
sentations of copulation in H. complanatus 
and S. oelandica were made from photo- 
graphs, retaining the original proportions. 

Two specimens of penises of each spe- 
cies were prepared for scanning electron 
microscopy (SEM). The penises were re- 
moved from the penis sheath, dehydrated 
in ethanol, air-dried for 20 minutes in hexa- 
methyldisilazane (Bock, 1987), coated with 
platinum in a HITACHI IB-5 ion sputter 
and viewed on a HITACHI S-570 scanning 
electron microscope. 

For confocal microscopy, H. complanatus 
were fixed for 1 h in 4% formaldehyde buff- 
ered with 0.01 M phosphate-buffered sa- 
line (PBS) at room temperature, rinsed in 
PBS (3x15 min), permeabilised for 1 h in 
PBS containing 0.25% Triton X-100, rinsed 
again shortly in PBS and then transferred 
to phalloidin-TRITC (Sigma-Aldrich) for 
1 h. After incubation with phalloidin, the 
specimens were washed again for 3x15 min 
in PBS, mounted in 80% glycerol or Vecta- 
shield (Vector Laboratories Inc.) on glass 
slides and viewed on a Leica TCS SP5 mi- 
croscope. 


Terminology 


This study uses the terminology for the 
mating process adopted in our previous 
publications (Soldatenko & Petrov, 2012, 
2013) and partly derived from other au- 


thors (Smith, 1981; Trigwell et al., 1997; 
Jordaens et al., 2009). The mating of both 
H. complanatus and S. oelandica is unilat- 
eral, and an individual that exhibits a more 
active mating behaviour is referred to as 
“active partner”, while the other individual 
as “passive partner”. Mating is divided into 
three consecutive phases (precopulation, 
copulation, and postcopulation). The pe- 
riod from the beginning of precopulation to 
the end of postcopulation is designated as 
the mating period. Hippeutis complanatus 
and S. oelandica present no difficulty in 
determining the direction of shell coiling; 
both species are dextral. As in our previous 
publications (Soldatenko & Petrov, 2012, 
2013), we use the terms “upper” for the api- 
cal side of the shell (facing up in a normal 
crawling position) and “basal” for the oppo- 
site umbilical side. 


RESULTS 


Copulatory apparatus 
of Hippeutis complanatus 


The male copulatory apparatus compris- 
es two morphological regions. The proximal 
region consists of a penis sheath that houses 
the penis and carries two short glandular 
appendages (flagella) (fl, Fig. 2a) (Baker, 
1945; Hubendick, 1955; Kijashko et al., 
2016). The flagella are equal in length (up 
to 0.3 mm) and open into the proximal end 
of the penis sheath near the entrance of the 
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Fig. 2. Whole mounts of male copulatory organs: a, inside the body of a non-mating individual in 
Hippeutis complanatus; b, in the everted position during copulation in Hippeutis complanatus; c, inside 
the body of a non-mating individual of Segmentina oelandica; d, in the everted position during copula- 
tion in Segmentina oelandica. Scale bars: 100 um (a, b); 200 um (c, d). Abbreviations: f!, flagellum; pe, 
penis; po, preputial organ; pr, preputium; ps, penis sheath; 7, retractor muscle; vas, vas deferens. 


vas deferens. The muscular wall of both fla- 
gella consists of two or three rows of wide 
strap-like muscles. Most of these muscles 
are oriented around the circumference of 
the flagellum (cf, Fig. 4a, b), but some of 
them have circular orientation only in their 
central portions; their distal portions turn 
in a diagonal (df, Fig. 4a, b) or longitudi- 
nal direction and lie above or beneath the 
circular row of muscles. The muscles of the 
vas deferens have a similar arrangement, 
with predominantly circular muscles (co, 
Fig. 4a) that may run distally in a diagonal 
or longitudinal direction, but the wall of 
the vas deferens is more densely muscular 
and comprises four to six rows of muscles. 
The penis sheath has three layers of muscles 
in its muscular wall: the outer (ocs, Fig. 4c, 
d) and inner layers (ics, Fig. 4c, d) are com- 
posed of one to three rows of circular mus- 
cles, and the intermediate layer (Js, Fig. 4c, 
d) consists of two to three rows of wide lon- 
gitudinal muscles. The inner circular mus- 
cles have a characteristic L-shaped profile 


in cross section (Fig. 4d). Some of the mus- 
cles in both outer and inner circular layers 
can shift to the intermediate layer to lie 
interspersed between the longitudinal mus- 
cles (arrows, Fig. 4c). The penis lacks a sty- 
let; the ejaculatory opening is subterminal. 
The muscular wall of the penis from its base 
to the ejaculatory opening (penis shaft) 
consists of outer (olp, Fig. 4c, d) and inner 
(ilp, Fig. 4d) longitudinal and intermediate 
radial (rp, Fig. 4c, d) muscle layers. The lon- 
gitudinal muscles of both layers are few and 
are widely spaced around the circumference 
of the penis and the ejaculatory duct. The 
radial muscles of the intermedial layer are 
very wide and each is composed of numer- 
ous thin myofibres. The terminal portion of 
the penis distal to the ejaculatory opening 
(penial papilla) is short (40 um) (Fig. 3a); 
its wall lacks radial and longitudinal mus- 
cles and is invested only with one layer of 
circular muscles. 

The distal region of the male copulatory 
apparatus consists of a preputium that con- 
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Fig. 3. SEM micrographs of the proximal regions of the penis: a, Hippeutis complanatus; b, Segmen- 
tina oelandica. Arrows indicate ejaculatory openings. Scale bars: 20 pm (a, b). 


tains a large muscular appendage (preputial 
organ) (po, Fig. 2a). The preputial organ is 
essentially an invagination of the muscular 
wall of the preputium and lies inside the 
preputium, when the latter is in its inverted 
(retracted) position. The preputial organ is 
highly muscular and its primary function is 
the attachment to the shell of the partner 
during copulation. 


Penial musculature of 
Segmentina oelandica 


The muscular wall of the penis shaft 
consists of outer and inner longitudinal 
and intermediate radial muscle layers. The 
longitudinal muscles of both layers are few 
and are widely spaced around the circum- 
ference of the penis and the ejaculatory 
duct. The radial muscles (rp, Fig. 4e) of the 
intermedial layer, unlike those in the penis 
of H. complanatus, are not wide and are cir- 
cular or slightly oval in cross section. The 
penial papilla is very long (140 um) (Fig. 
3b; pp, Fig. 4f); the longitudinal muscles 
of the penis shaft (olp, Fig. 4e) do not ex- 
tend beyond the ejaculatory opening into 
the penial papilla and the radial muscles are 
replaced in the papilla with slender circular 
muscles (cp, Fig. 4e). The circular muscles 
invest the wall of the papilla along its entire 
length (Fig. 4f). 


Mating behaviour of 
Hippeutis complanatus 


The precopulation begins when the ac- 
tive individual starts following the prospec- 
tive partner (“passive individual”) mak- 
ing probing movements with its head and 
tentacles. The active snail approaches the 
pursued individual from behind and aligns 
itself parallel to it, with both snails facing 
the same direction. When the active indi- 
vidual comes into contact with the partner, 
it pivots its head and foot so that the sole 
of the foot is facing upwards and grips the 
other snail with its foot on the outer side 
of the shell opposite the shell aperture. In 
so doing, the active individual squeezes it- 
self under the shell of the partner thereby 
pushing the shell away from the substrate. 
Once the active individual is firmly at- 
tached to the partner, it flips its shell over 
so that its basal side is now facing upwards. 
With the head directed towards the shell 
aperture of the partner, the active indi- 
vidual starts crawling over the basal side 
of the body whorl of the partner (Fig. 1a). 
Making a semi-circle along the whorl, the 
active partner approaches the shell aper- 
ture and begins extending its preputium. 
The preputium is turned inside out through 
the gonopore, with the preputial organ be- 
ing carried to the outside with the everting 
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Fig. 4. Musculature of the penial complex of Hippeutis complanatus (a—d) and Segmentina oelandica 
(e, f). Maximum intensity projections. a, central portions of the flagella (fl) and vas deferens (vas); 
b, projection through the muscular walls of the flagella and vas deferens; c, penis sheath and penis, 
projection through the muscular wall of the penis; arrows show the muscles of the outer circular 
layer penetrating between the longitudinal muscles; d, penis sheath and penis, projection through 
the central portion of the penis; e, penial wall in the region of the ejaculatory opening (eo) showing 
the transition between penis shaft and penial papilla; f, penial papilla surrounded by the penis sheath. 
Note that the wall of the papilla contains only circular muscles. Scale bars: a, c—e (20 um); b, f (50 
um). Abbreviations: cf, circular regions of flagellar muscles; cp, circular penial muscles; cv, circular 
muscles of vas deferens; df, diagonal branches of flagellar muscles; eo, ejaculatory opening; fl, flagel- 
lum; ics, inner circular muscles of penis sheath; ilp, inner longitudinal penial muscles; ls, longitudinal 
muscles of penis sheath; mps, musculature of penis sheath; ocs, outer circular muscles of penis sheath; 
olp, outer longitudinal penial muscles; pe, penis; pp, penial papilla; rp, radial penial muscles; vas, vas 
deferens. 
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preputial walls. After some probing, the ac- 
tive individual attaches the preputium to 
the female gonopore of the partner (Fig. 
1b-c). The whole process of preputium 
eversion and attachment takes at least sev- 
eral minutes. The eversion of the preputium 
can only be observed by making the passive 
partner float to the water surface, with the 
basal side of its shell towards the observer. 

The whole process of precopulation 
takes on average about seven minutes (Ta- 
ble 2), during which time the passive indi- 
vidual normally does not show any appar- 
ent reaction to the suitor and does not stop 
feeding and crawling. In some cases, howev- 
er, the passive individual demonstrates its 
disapproval to the suitor and molluscs may 
fail to copulate despite repeated mating at- 
tempts by the active individual. In these 
cases, courted molluscs may exhibit differ- 
ent behaviours. After several (2-5) mating 
attempts, the nonreceptive snail usually 
slows down and withdraws its head into the 
shell; sometimes these snails stop moving 
entirely, showing to the partner that they 
do not want to copulate. Some of these non- 
receptive snails exhibit an overtly aggres- 
sive behaviour, biting the pursuer with its 
jaw after 7-12 mating attempts (these re- 
peated attempts may take up to 37 minutes, 
Table 1). 

The copulation is always unilateral. 
During sperm transfer, the active individual 
affixes its preputial organ to the shell of the 
partner (Fig. 1d). The body and exposed 
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parts of the copulatory apparatus of the 
active partner show no spasmodic contrac- 
tions, and the passive individual continues 
crawling and feeding. The copulation lasts 
on average about 30 minutes (Table 2). 
Once insemination is completed, the active 
individual begins retracting its copulatory 
apparatus and at the same time attaches its 
foot to the substrate, flips its body and shell 
180°, and then crawls away from the part- 
ner. This is the shortest phase of the mating 
process that takes no more than 12 seconds 
(Table 2). Overall, the whole mating period 
spans 24.05 to 52.33 minutes (Table 2). 


Insemination in Hippeutis complanatus 


The insemination is always unilateral. 
The active partner everts its preputium, 
which grows to about twice its resting size, 
and then extends its preputial organ (Figs 
1b-—c, 2b), which it uses to probe the part- 
ner and eventually attaches it to the basal 
surface of the shell of the partner (Fig. 1d). 
During this process, all of the involved in- 
tromittent organs become red in colour by 
engorgement with haemolymph. Once the 
preputial organ is affixed to the shell, the 
active partner attaches the proximal end of 
the preputium to the body surface around 
the female opening of the partner (Fig. 5a). 

The female gonopore lacks well-devel- 
oped muscular walls and the copulatory 
connection is achieved solely by the muscu- 
lar efforts of the active individual. This con- 


Table 2. Time intervals (minutes) for mating in H. complanatus and S. oelandica. 

















Pre-copulation Copulation Post-copulation Mating period 
Species u meantSD meant+SD meant+tSD mean+SD 
(min—max) (min—max) (min—max) (min—max) 
Hippeutis 25-28 23 6.32+3.24 26.22+4.57 0.09+0.02 33.06+7.26 
complanatus (3.00—15.00) (21.00—40.06) (0.05—0.12) (24.05-52.33) 
Segmentina 25-98 43 0.46+0.15 1.50+0.30 0.11+0.11 2.47+£0.37 
oelandica (0.30—1.20) (1.03-2.50) (0.07-0.15) (1.44-3.50) 





Note: n — number of observed mating encounters. 
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b 





Fig. 5. Schematic representations of the copulatory organs during intromission: a, Hippeutis compla- 
natus; b, Segmentina oelandica. Scale bars: 1 mm (a-b). Abbreviations: fl, flagellum; A, head; pe, penis; 
po, preputial organ; pr, preputium; ps, penis sheath; 7, retractor muscle; st, spermatheca; u, uterus; v, 
vagina; vas, vas deferens. 
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nection, however, is rather strong, because 
the mating pair often remains in copulo, if 
the passive partner is mechanically agitated. 
During copulation the penis becomes much 
longer, but it does not reach deep into the 
vagina because of the short penial papilla 
(Fig. 5a). As the penis lacks any additional 
attachment structures (bulbuses or stylets), 
the copulants break up immediately upon 
fixation and the partners cannot be fixed in 
copulo. The muscular walls of the vas def- 
erence and the penis sheath are relatively 
weakly developed, and the sperm transfer 
is accomplished primarily by contractions 
of the penial muscles. As a consequence, the 
process of sperm transfer (Fig. 5a) requires 
a relatively long time to complete (up to 40 
minutes, Table 2) and is very difficult to ob- 
serve. The sperm is liquid; the spermatozoa 
do not coalesce into a single stringy mass 
and are accumulated in the spermatheca. 
Once the sperm transfer is finished, the ac- 
tive partner detaches its preputial organ 
from the shell of the partner, then, several 
seconds later, removes its preputium from 
the female gonopore and dismounts the pas- 
sive individual, often retracting its copula- 
tory organs as it does so. Throughout this 
process, the passive partner shows no ap- 
parent reaction to the active individual. 


Insemination of Segmentina oelandica 


The insemination is always unilateral. 
The active individual starts everting its 
preputium only while at the shell aperture 
of the partner. During this process, the pre- 
putium is mostly hidden from view and the 
observer sees only the massive red cone- 
shaped preputial organ (Figs 2d, 5b). The 
active partner uses the preputial organ to 
grip and raise the shell of the partner; this 
kind of attachment helps the active indi- 
vidual to maintain its position on the mov- 
ing partner, forcing it to slow down and 
extend its head to expose the female open- 
ing (Soldatenko & Petrov, 2009). The pre- 
putial organ grips the basal surface of the 
shell of the partner and the proximal end 
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of the preputium attaches to the body sur- 
face around the female gonopore (Fig. 5b). 
The female gonopore has well-developed 
muscular walls and, as soon as the penis is 
inserted into the genital opening, the va- 
gina partially everts to the outside embrac- 
ing the penis as a muscular ring (Fig. 5b). 
The sperm transfer is thus achieved by 
the muscular efforts of both partners, and 
is very fast (Soldatenko & Petrov, 2012). 
The connection between the partners is 
weak and any mechanical agitation breaks 
up the pair. During insemination the penis 
becomes much longer and the long penial 
papilla reaches very deep into the vagina 
of the partner (Fig. 5b). As the penis lacks 
any additional attachment structures, the 
pair breaks up immediately upon fixation 
and the partners cannot be fixed in copulo. 
The muscular walls of the vas deferens and 
the penis sheath are weakly developed, and 
the sperm transfer is achieved primarily by 
contractions of the penial muscles assisted 
by muscular pulsations of the preputium; 
the spasmodic contractions of the latter are 
clearly seen during copulation. The sperm is 
liquid and is accumulated in the spermathe- 
ca. The copulation spans only 2.5 minutes 
(Table 2). Once the sperm transfer is com- 
pleted, the active partner detaches its pre- 
putium and preputial organ and dismounts 
the partner. If the active individual takes 
too much time in dismounting, the passive 
individual may bite the protruding parts of 
its preputial organ. 


DISCUSSION 


The study of mating in Hippeutis 
complanatus has expanded our understand- 
ing of both common patterns and diversity 
of reproductive behaviours in Hygrophila. 
The commonality between H. complana- 
tus and S. oelandica is manifested in some 
shared behavioural traits, such as the ac- 
tive pursuit of the prospective mates by 
the active individuals (courtship), non- 
involvement of the passive individuals in 
mating and exclusively unilateral mating 
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(despite the mechanical possibility of recip- 
rocal mating in H. complanatus). The lack 
of reciprocal mating in Segmentinidae can 
be explained by functional protandry (Be- 
rezkina & Starobogatov, 1988; Trigwell & 
Dussart, 1998), which is visually reflected 
in smaller shell sizes of the active partners, 
in common with other species of freshwater 
pulmonates (DeWitt, 1996; Ohbayashi- 
Hodoki et al., 2004; Norton et al., 2008). 
Another common feature of both species 
is observed in similar behavioural patterns 
of courtship rejection, which is always ac- 
companied by an aggressive reaction from 
the non-responsive individual, if the active 
partner becomes persistent in its mating at- 
tempts. A more specific common trait of the 
mating process in Segmentinidae is the use 
of a specialized musculo-glandular struc- 
ture (preputial organ). Our observations 
have confirmed that the preputial organ 
does not participate directly in intromission 
and does not function as an organ of stimu- 
lation, but plays a role of a holdfast. This 
organ may help the active individual to gain 
additional purchase on the partner and may 
assist in positioning the partners relative to 
each other. However, its primary function is 
probably to secure the shell of the passive 
partner during intromission. An occasional 
movement of the shell might disengage the 
copulatory connection between the part- 
ners and the preputial organ prevents this 
from happening by keeping the shell a safe 
distance from the female gonopore. 

Aside from the apparent similarities in 
mating behaviours, S. oelandica and H. com- 
planatus also have some significant differ- 
ences. The mating process of H. complanatus 
is much longer (24.05-52.33 min) than 
that of S. oelandica (1.44-3.50 min) (Ta- 
ble 2) and closer in duration to the mating 
process of some other planospiral snails: 
Bathyomphalus contortus (Linnaeus, 1758) 
(41-70 min) and Choanomphalus riparius 
(Westerlund, 1865) (20-54 min) (Sol- 
datenko & Petrov, 2012). The most notable 
differences between H. complanatus and 
S. oelandica are in the duration of precopu- 
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lation (by 13 times) and copulation (by 17 
times), while the duration of postcopula- 
tion differs to a much lesser degree (Table 
2). Another major difference is the orien- 
tation of the active partner on the shell of 
the partner: in S. oelandica it mounts the 
upper side of the shell in an upright posi- 
tion, while in H. complanatus it sits on the 
basal side of the shell in an upside-down 
position. As a consequence, the attachment 
to the passive partner requires different ef- 
forts in H. complanatus and S. oelandica 
and this may explain why S. oelandica has 
a larger and more powerful preputial organ. 
The active partner in H. complanatus push- 
es itself under the shell of the passive indi- 
vidual, which requires more time, but less 
physical effort. In H. complanatus, mating 
is never accompanied by chemical stimula- 
tion observed in S. oelandica (Soldatenko 
& Petrov, 2009, 2012). We have found no 
evidence of secretion on the tentacles in 
H. complanatus, even after numerous un- 
successful mating attempts. Although the 
active individuals of H. complanatus may 
spend a substantial amount of time on re- 
peated mating attempts (Table 1), the max- 
imum number of these attempts (12) is less 
than in S. oelandica (25 attempts). In gen- 
eral, although the mating processes in Seg- 
mentinidae are essentially similar, the ob- 
served differences (Table 3) are sufficiently 
large and well-defined to justify their use as 
taxonomically informative characters. 

The study of mating has explained 
some anatomical and histological charac- 
teristics of the copulatory apparatuses in 
H. complanatus and S. oelandica. All copu- 
latory structures are functionally identical 
in both species and were correctly identi- 
fied in earlier publications (Baker, 1945; 
Hubendick, 1955; Kruglov & Soldatenko, 
1997; Glöer, 2002). The dimensions of 
the copulatory organs, however, are sig- 
nificantly different: the male genitalia in 
H. complanatus (Figs 2, 5) are twice as small 
as those of S. oelandica, even though the 
shell and the body of the two species are 
comparable in size. It is clear that H. com- 
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Table 3. Mating behaviour traits and associated morphological characters in H. complanatus and 
S. oelandica. Characters 2, 3, and 4 are based on Jordaens et al. (2009). 

Characters: (1) copulatory activity of passive individual: NS — continues feeding and crawling. (2) 
shell orientation: M — mounted, i.e. umbilicus of upper shell is over spire of the lower shell; Re — re- 
verse, i.e. shells are oriented with their umbilicus towards each other. (3) mating position: SM — shell 
mounting. (4) penis (ultrapenis) usage during copulation: U — unilateral. (5) morphology of the 
penial complex: po — preputial organ, fl — flagellum. (6) stylet: — absent; (7) copulatory stimulation: 
* copulation is accompanied by mechanical or chemical stimulation; — stimulation not observed. (8) 


gender expression: FP — functional protandry. 











Characters 
Species 
1 2 3 4 5 6 7 8 
Hippeutis. complanatus NS Re SM U fl+po _ = FP 
(present paper) 
Segmentina. oelandica NS M SM U fl+po = * FP 


(Soldatenko & Petrov, 2012) 





planatus has smaller genitalia, because it 
exerts less efforts in attachment to the part- 
ner and in sperm transfer. The vas deferens 
does not play any important role in sperm 
transfer and this function is accomplished 
entirely by the muscular penis. The penial 
musculature is essentially similar in both 
species and differs only in secondary char- 
acters (significantly wider radial muscles 
in H. complanatus). The penis is subdivided 
into two functionally different regions: pe- 
nis shaft and penial papilla. The muscular 
wall of the shaft is dominated by radial mus- 
cles that apparently function to dilate the 
ejaculatory canal, while the penial papilla 
is a solid structure invested with circular 
muscles, whose contraction elongates and 
extends the papilla. 

The muscles in the wall of the penis 
sheath have a similar arrangement in both 
species. The muscular wall of the sheath is 
relatively thin and the function of the penis 
sheath in copulation is probably secondary, 
except for its distal portion, whose muscu- 
lar folds play a crucial role in copulatory 
connection (Fig. 5). The preputium is a 
thin-walled structure and, like the penis 
sheath, has only a passive role in copula- 
tion acting as a sleeve, rather than an active 
muscular pump. 

The comparison of mating behaviour in 
H. complanatus with that of the previously 


studied Ch. riparius (Soldatenko & Petrov, 
2012) reveals a number of similarities in 
the overall duration of the mating process, 
the courtship ritual of the active partner, 
the mutual orientation of the partners dur- 
ing copulation and behavioural patterns of 
courtship rejection. In fact, the analysis of 
only visual aspects of these processes may 
lead to an incorrect conclusion that the 
mating process of H. complanatus has more 
in common with that of Ch. riparius than 
with that of S. oelandica. The mating pro- 
cess of Ch. riparius, however, is entirely dif- 
ferent. Choanomphalus riparius has no fla- 
gella or preputial organ, the structures that 
play an essential role in the copulatory pro- 
cess of Segmentinidae. In Ch. riparius, the 
active individual is attached to the shell of 
the partner only with its foot (not with the 
preputial organ), one of the main functions 
of the preputium is that of attachment, and 
an important role in intromission is played 
by the penial stylet, which is absent in Seg- 
mentinidae. The reason why mating behav- 
iours of H. complanatus and Ch. riparius 
are similar is probably due to the fact that 
there is only a limited number of positions 
that may lead to successful mating. This 
example demonstrates that the correct 
functional and taxonomic assessment of 
the characters related to mating requires a 
complete study of all aspects of this process 
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(copulatory behaviour, mechanism of in- 
semination, and the anatomy of the copula- 
tory apparatus). 

The results of our study show that the 
mating process in freshwater pulmonates 
is a remarkably complex interplay of mor- 
phological, physiological, and behavioural 
factors. The assessment of these factors 
and their interactions in different members 
of this taxonomic group may give a useful 
insight for understanding of the diversity 
of their biological processes and may be- 
come a valuable source of phylogenetic in- 
formation. 


ACKNOWLEDGEMENTS 


This work was supported by the Russian 
Foundation for Basic Research (grant 15-04- 
05278). 

Electron microscopy was performed at the 
Taxon Resource Research Centre (Zoological 
Institute RAS, St Petersburg). 


REFERENCES 


Abdel-Malek E.T. 1952. The preputial organ of 
snails in the genus Helisoma (Gastropoda: 
Pulmonata). American Midland Naturalist, 
48(1): 94-102. 

Albrecht C., Kuhn K. & Streit B. 2007. A mo- 
lecular phylogeny of Planorboidea (Gastrop- 
oda, Pulmonata): insights from enhanced 
taxon sampling. Zoologica Scripta, 36(1): 
27-39. 

Baker EC. 1945. The molluscan family Planor- 
bidae. Urbana: University of Illinois Press. 
530 p. 

Berezkina G.V. & Starobogatov Y.I. 1988. Re- 
productive ecology and egg deposits of fresh- 
water pulmonates. Trudy Zoologicheskogo 
Instituta AN SSSR, 174: 1-307. (In Russian). 

Bock C. 1987. A quick and simple method for 
preparing soft insect tissues for scanning 
electron microscopy using Carnoy and hexa- 
methyldisilazane. Beitrage elektronenmikro- 
skopische Direktabbildung und Analyse von 
Oberflächen, 20: 209-214. 

Bondesen P. 1950. A comparative morphologi- 
cal-biological analysis of the egg capsules of 
fresh-water pulmonate gastropods: Hygroph- 
ila, Basommatophora, Pulmonata. Aarhus: 
Naturhistorisk Museum. 208 p. 


E.V. SOLDATENKO €F A.A. PETROV. MATING AND COPULATORY MECHANICS IN TWO SPECIES OF GASTROPODA 


Bouchet P., Rocroi J.-P., Fryda J., Haus- 
dorf B., Ponder W., Valdés A. & Warén A. 
2005. Classification and nomenclator of gas- 
tropod families. Malacologia: International 
Journal of Malacology. 47: 1-397. 

Boyle J. & Yoshino T. 2000. The effect of wa- 
ter quality on oviposition in Biomphalaria 
glabrata (Say, 1818) (Planorbidae), and a de- 
scription of the stage of the egg-laying pro- 
cess. Journal of Molluscan Studies, 66: 83—94. 

DeWitt T.J. 1996. Gender contests in a simulta- 
neous hermaphrodite snail: a size advantage 
model for behavior. Animal Behaviour, 51: 
345-351. 

Duncan C.J. 1975. Reproduction. In: Fretter V. 
& Peake J.F (Eds). Pulmonates, 1: 309-365. 
London: Academic Press. 

Facon B., Ravigné V. & Goudet J. 2008. Gen- 
der-role alternation in the simultaneously 
hermaphroditic freshwater snail Physa acuta: 
not with the same partner. Behavioural Ecol- 
ogy and Sociobiology, 62: 713—720. 

Frémming E. 1956. Biologie der mitteleuro- 
paischen Stisswasserschnecken [The biology 
of Middle European Freshwater Snails]. Ber- 
lin: Duncker & Humblot. 313 p. 

Glöer P. 2002. Stisswassergastropoden Nord- und 
Mitteleuropas: Bestimmungsschlissel, Lebens- 
weise, Verbreitung [Freshwater gastropods of 
the North and Middle Europe: Identification 
key, life style and distribution]. Hackenheim: 
ConchBooks. 327 p. 

Hubendick B. 1955. Phylogeny in the Planorbi- 
dae. Transactions of the Zoological Society of 
London, 28(6): 453-542. 

Hubendick B. 1978. Systematics and compara- 
tive morphology of the Basommatophora. In: 
Fretter V. & Peake J.F. (Eds). Pulmonates. 
Vol. 2A. 1-47. London: Academic Press. 

Jordaens K., Dillen L. & Backeljau T. 2009. 
Shell shape and mating behaviour in pulmo- 
nate gastropods (Mollusca). Biological Jour- 
nal of the Linnean Society, 96(2): 306-321. 

Kijashko P.V., Soldatenko E.V. & Vinars- 
kiy M.V. 2016. Freshwater molluscs of the 
North and North-West of European Rus- 
sia. Class Gastropoda. In: Tsalolikhin S.J. 
(Ed.). Opredelitel’ zooplanktona i zoobentosa 
presnykh vod Evropeyskoy Rossiyi. T. 2. Zoo- 
bentos. Prilodzenie [Key to zooplankton and 
zoobenthos of freshwaters of European Rus- 
sia. Vol. 2. Zoobenthos. Supplement. ]: 1-457. 
Moscow — St Petersburg: Tovarishchestvo 
nauchnykh izdaniy KMK. (In Russian). 


© 2016 Zoological Institute, Russian Academy of Sciences, Zoosystematica Rossica 25(2): 189-203 


E.V. SOLDATENKO €? A.A. PETROV. MATING AND COPULATORY MECHANICS IN TWO SPECIES OF GASTROPODA 


Koene J.M. & Ter Maat A. 2005. Sex role alter- 
nation in the simultaneously hermaphroditic 
pond snail Lymnaea stagnalis is determined 
by the availability of seminal fluid. Animal 
Behaviour, 69: 845—850. 

Kruglov N.D. & Berezkina G.V. 1978. On some 
aspects of copulatory physiology in Lymnaei- 
dae. Nauchnye Doklady Vysshey Shkoly. Bio- 
logicheskiye Nauki, 11: 49-53. (In Russian). 

Kruglov N.D. & Soldatenko E.V. 1997. A revi- 
sion of the genus Segmentina (Planorbidae). 
Ruthenica, 7: 111-132. 

Nekrassow A.D. 1928. Vergleichende morphol- 
ogie der Leiche von stisswassergastropoden 
[Comparative morphology of the bodies of 
freshwater gastropods]. Zeitschrift fiir Mor- 
phologie und Ökologie der Tiere, 13(1—2): 
1-35. 

Norton C.G., Johnson A.F & Mueller R.L. 
2008. Relative size influences gender role in 
the freshwater hermaphroditic snail, Heli- 
soma trivolvis. Behavioral Ecology, 19: 1122- 
1127. 

Ohbayashi-Hodoki K., Ishihama F. & Shima- 
da M. 2004. Body size-dependent gender 
role in a simultaneous hermaphrodite fresh- 
water snail, Physa acuta. Behavioral Ecology, 
15: 976-981. 

Pace C.L. 1971. The hold-fast function of the 
preputial organ in Helisoma. Malacological 
Review, 4: 21-24. 

Precht H. 1936. Zur Kopulation und Eiablage 
einer Planorbiden [On copulation and egg- 
laying in Planorbidae]. Zoologischer Anzei- 
ger, 115: 80-89. 

Rudolph P.H. 1979a. The strategy of copulation 
of Stagnicola elodes (Say) (Basommatopho- 
ra: Lymnaeidae). Malacologia, 18: 381-389. 

Rudolph P.H. 1979b. An analysis of copulation 
in Bulinus (Physopsis) globosus (Gastropoda: 
Planorbidae). Malacologia, 19: 147—155. 

Rudolph P.H. 1983. Copulatory activity and 
sperm production in Bulinus (Physopsis) glo- 
bosus (Gastropoda: Planorbidae). Journal of 
Molluscan Studies, 49: 125-32. 

Smith G. 1981. Copulation and oviposition in 
Lymnaea truncatula (Müller), research note. 
Journal of Molluscan Studies, 47(1): 108-111. 

Soldatenko E.V. & Petrov A.A. 2009. The 
characteristics of copulation in Segmentina 
oelandica (Westerlund, 1885) (Gastropoda: 


203 


Pulmonata: Planorbidae). Zoosystematica 
Rossica, 18(2): 196—204. 

Soldatenko E.V. & Petrov A.A. 2012. Mating 
behaviour and copulatory mechanics in six 
species of Planorbidae (Gastropoda: Pulmo- 
nata). Journal of Molluscan Studies, 78(2): 
185-196. 

Soldatenko E.V. & Petrov A.A. 2013. Mating 
and morphology of the copulatory appara- 
tus in Planorbarius corneus (Linnaeus, 1758) 
(Gastropoda: Pulmonata). Zoosystematica 
Rossica, 22(2): 153-164. 

Starobogatov Ya.I. 1967. On the systemati- 
zation of freshwater Pulmonate molluscs. 
Trudy Zoologicheskogo Instituta AN SSSR, 42: 
280-304. (In Russian). 

Starobogatov Y.I., Prozorova L.A., Boga- 
tov V.V. & Sayenko E.M. 2004. Mollyuski 
[Molluscs]. In: Tsalolikhin S.J. (Ed.). Opre- 
delite? presnovodnykh bespozvonochnykh 
Rossii i sopredel’nykh territoriy. Mollyuski, Po- 
likhety, Nemertiny [Key to Freshwater Inver- 
tebrates of Russia and Adjacent Lands. Mol- 
luscs, Polychaetes, Nemerteans]: 253—492. 
St Petersburg: Nauka. (In Russian). 

Trigwell J.A., Dussart G.B.J. & Vianey-Li- 
aud M. 1997. Pre-copulatory behaviour of 
the freshwater hermaphrodite snail Biom- 
phalaria glabrata (Say, 1818) (Gastropoda: 
Pulmonata). Journal of Molluscan Studies, 
63(1): 116-120. 

Trigwell J.A. & Dussart G.B.J. 1998. Function- 
al protandry in Biomphalaria glabrata (Gas- 
tropoda: Pulmonata), an intermediate host 
of Schistosoma. Journal of Molluscan Studies, 
64: 285-288. 

Vianey-Liaud M. & Dussart G. 2002. Aspects 
of pairing and reproduction in the hermaph- 
rodite freshwater snail Biomphalaria glabra- 
ta (Gastropoda: Pulmonata). Journal of Mol- 
luscan Studies, 68: 243—248. 

Zilch A. 1959-1960. Gastropoda, Euthyneura. 
In: Schindewolf O.H. (Ed.). Handbuch der 
Palaozoologie. Bd. 6, Teil 2. Berlin: Borntrae- 
ger. 835 p. 

Wethington A.R., Kirkland D.L. & Dil- 
lon Jr R.T. 2012. Sex bias in interspecific 
copulation between the hermaphroditic 
freshwater snails, Physa acuta and P. pomilia 
(Physidae). American Malacological Bulletin, 
30(2): 281-285. 


Received 15 Oct. 2016 / Accepted 5 Dec. 2016 
Editorial responsibility: P.V. Kijashko 


© 2016 Zoological Institute, Russian Academy of Sciences, Zoosystematica Rossica 25(2): 189-203 


